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ABSTRACT
￿
Extruded trichocysts are composed of a family of proteins with molecular weights between
15,000 and 20,000 . We have used heat treatment and affinity chromatography on fluphenazine-
Sepharose to purify calmodulinlike proteins from whole cells and from extruded trichocysts . The
purified protein from trichocysts is indistinguishable from that ofwhole cells ; it is heat-stable, activates
brain phosphodiesterase in a Ca'-dependent fashion, changes mobility on SIDS polyacrylamide gels
in the presence of Ca", contains 1 mol of trimethyllysine/17 kdaltons, and has the amino acid
composition characteristic of calmodulins . Calmodulin is a major component of purified, extruded
trichocysts, of which it represents between 1 and 10% by mass . The other proteins of the trichocyst
also resemble calmodulin in several properties . Possible roles for calmodulin in the Ca"-activated
extrusion of trichocysts is discussed .
￿
,
Trichocysts are specialized secretory organelles found in Par-
amecium, each enclosed in membranous vesicles lying just
beneath the cell surface (1, 2) . In response to various stimuli,
these vesicles fuse with the cell surface and their contents
decondense explosively, producing needlelike extracellular
structures up to 40 pm long . The function of trichocysts is
uncertain, but their morphology (3-5) and the genetics oftheir
development (2, 4, 6-8) and extrusion (9-14) have been exten-
sively studied . The decondensation process apparently requires
Ca" (9, 15). Steers et al. (3) showed that the extruded tricho-
cysts were composed ofa protein, "trichynin," of- 17 kdaltons.
We (16) resolved extruded trichocysts into a family of acidic
peptides of 15-20 kdaltons . We show here that one of these
major components of extruded trichocysts is calmodulin, a
widely distributed Ca"-binding protein known to mediate the
regulation of a wide variety of enzymes by Ca" (17, 18) .
MATERIALS AND METHODS
Paramecium tetraurelia wild-type stock 51S (nonkappa bearing) was grown
axenically at 28°C in the Soldo crude medium (19) modified as described by
Thiele et al . (20) . Cells were grown to late logarithmic phase (30,000 cells/ml) .
The "trichless" (lacking trichocysts) mutant strain (tl) used (provided by C.
Kung, University of Wisconsin-Madison) as grown at 28°C in phosphate-
buffered Cerophyl medium, modified as described by Hansma (2l), and bacter-
ized with Enterobacter aerogenes (22) .
Cells were harvested by centrifugation at 170 gm,., washed in room-tempera-
ture Dryl's solution (1 mM NaH2PO4 , l mM Na2HP0,, 2 mM Na3 citrate, 1 .5
mM CaCl,, pH 6.9) (23) to remove all traces of medium, and pelleted at 200 gm
for 2 min . using pear-shaped oil-testing centrifuge tubes. To purify trichocysts
from these cells, we washed them in 4°C Dryl's solution which induced trichocyst
firing.A 2-min centrifugation at 200gm .. pelleted the cells and left the trichocysts
as adistinct fluffy layer on top ofthecells . The trichocysts were removed and the
cells were washed until no further trichocyst release occurred . The resulting
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trichocysts were centrifuged several times at 850 gma, for 2min to sediment any
contaminating whole cells. The trichocysts, which were present in the resulting
supernate, were recovered by centrifugation at 27,000 g... for 20 min. The
trichocysts were resuspended in 10 mM Tris-Cl, pH 8.0, and 0.2- to 0.3-ml
aliquots were loaded onto the sucrose step gradient, described previously (16) .
The gradientwas centrifuged at 243,000 g. .. for 1.5 h at 4°C. Trichocysts, which
banded at the interface of the 55 and 66% sucrose layers, were removed and
washed by centrifugation in 25 vol of 10mM Tris-Cl, pH 8.0.
Purification of Calmodulin from Whole Cells
and Trichocysts
Whole cells in 4°C Dryl's solution were disrupted with a Polytron tissue
homogenizer (Brinkmann Instruments, Westbury, N . Y.) . Cell debris was re-
moved by centrifugation at 27,000 gm., for 30 min. The supernate was placed in
a boiling water bath for 10 min. The maximum temperature reached by the
supernate was 85°C . Precipitated protein was removed by centrifugation at
48,000 g. for 30 min. The supernate was dialyzed against 10mM Tris-Cl, 0.5
mM CaCl2, pH 7.0, for 48 h and then concentrated by using an Amicon
ultrafiltration cell with a PM-10membrane (Amicon Corp ., Lexington, Mass .) .
Trichocysts were extracted by the same procedure as whole cells, except that the
homogenization and ultrafiltration steps were omitted. The fluphenazine-Seph-
arose affinity resin was prepared by the method described by Sundberg and
Porath (24) and later used successfully by Charbonneau and Cormier (25) .
Fluphenazine was coupled to the Sepharose 4B by means ofthe 12-atom spacer,
l,4-butanediol diglycidyl ether .
The heat-stable proteins from whole cells or trichocysts were loaded onto a 9-
ml column (1 cm x 1 I cm) containing fluphenazine-Sepharose 4B equilibrated
with 10 mM Tris-Cl, 0.5 MM CaC12, pH 7.0 (column equilibration buffer), at
4°C, and the column was washed with 2 bed vol of the column equilibration
buffer, followed by 2 bed vol of the column equilibration buffer containing 0.5
MNaCl, and a final wash with 2bed vol of 10mM Tris-Cl, 5 mM EGTA, pH
8.0. 1-ml fractions were collected at a rate of 15 ml/h . Protein concentrations
were determined by the method of Lowry et al. (26) .
Samples were heated at 100°C for 2 min and loaded onto the gel . For
"calcium-shift" gels the sample contained either 5 mM CaClz or 5 mM EGTA .
Gets were run at 20 mA and stoppedjust as the dye-front left the bottom of the
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were as follows : conalbumin (86,000), bovine serumalbumin (68,000), ovalbumin
(43,000), a-chymotrypsinogen A (26,000), myoglobin (17,000), and dansylated
cytochrome c (15,000).
The assay for phosphodiesterase stimulation was modified from Teo et al .
(27). Calmodulin was added to a reaction mixture containing 25 mM Tris-Cl, pH
7 .5, 5 mM MgC12 , 1 mM CaC12 , I mM cAMP, 50 f+g (0.007 U) cyclic nucleotide
phosphodiesterase in a final volume of 1 ml . This was incubated at 30°C for 15
min and quenched by heating at 100°C for 2 min . To release inorganic phosphate
(P .) from 5'-nucleotides, snake venom (Crotalus atrox) (50 fag) was added to the
reaction mixture and incubated at 37°C for 30 min . This reaction was quenched
with the addition of 0.2 ml of 32.5% TCA . P; was measured by the method of
Chen et al . (28).
Fluphenazine-2HC1 was provided by E . R. Squibb and Sons, Inc. (Princeton,
N . J .). Bovine testis calmodulin wasa giftfrom F . Siegel, UniversityofWisconsin-
Madison. 3',5'-cyclic nucleotide phosphodiesterase (calmodulin sensitive) was
obtained from Sigma Chemical Co .
RESULTS
Purification of Calmodulin from Whole Cells by
Affinity Chromatography
When a homogenate of whole cells was heated for 10 min at
85°C and centrifuged at 48,000 gmex for 30 min, ^-20% of the
cell protein remained in the supernate (Table I) . Most of the
protein remaining after dialysis of this heat-stable fraction
passed directly through the fluphenazine-Sepharose affinity
column and was eluted as a broad peak (peak I, Fig. l a) .
Nearly all the protein which adsorbed to the column could be
eluted by a buffer containing 0.5 M NaCI (peak II, Fig. 1 a) .
This second peak generally represented 5-20% of the total
protein eluted, and SDS PAGE revealed a complex but repro-
ducible pattern of polypeptides. The binding of calmodulin to
fluphenazine is Ca'-dependent and to some extent pH-de-
pendent (29) . Elution with a pH 8.0 buffer containing EGTA
released a small amount of protein (^-I% of the total eluted)
from the affinity column (peak III, Fig. 1 a), which consisted
of a single polypeptide with the properties of calmodulin (see
below) .
Purification of Calmodulin from
Extruded Trichocysts
Extruded trichocysts from the sucrose gradient (Materials
TABLE I
Protein Recoveries during Calmodulin Purification
Whole cells
￿
Trichocysts
Pro-
￿
Pro-
￿
% of
This table represents data from a typical experiment . This procedure has
been repeated 16 times with closely similar results. The preparation of whole
cells and trichocysts shown above was chosen because it corresponds to the
elution profiles shown in Fig . 1 .
` This amount of protein was obtained from 1 .6 x 108 cells .
$ The numbers in parentheses represent the percentage of total protein eluted
from the affinity column .
§ This amount of protein was obtained from 4 .0 x 108 cells .
and Methods) were essentially free of contaminating material
as judged by phase-contrast microscopy and electron micros-
copy of negatively stained preparations (Fig. 2 a) . Most of the
trichocysts had separated from their tips, but the preparation
contained roughly equivalent numbers of tips and shafts . Most
of the visible structures had the characteristic 55-nm periodicity
and were -230 nm wide (Fig . 2b), but in some instances the
trichocyst shafts seemed to have flattened or unrolled and to
have splayed-out ends (Fig. 2 c) . SDS PAGE gave the polypep-
tide patternwe reported previously (16) : two major bands near
17 kdaltons, and several less prominent bands between 15 and
20 kdaltons (Fig. 2 d) .
Treatment at 85°C solubilized the purified trichocysts as
expected from the work of Pollack and Steers (30) (Table I) .
The profile of trichocyst protein eluted from the fluphenazine
affinity column (Fig . 1 b) was strikingly different from that of
"whole-cell" protein : very little of the applied protein passed
directly through the column (peak 1, Fig . I b) . Washing the
column with high salt did remove a significant amount of
protein (peak II, Fig. 16 ), and a relatively large peak, repre-
senting -28% of the total protein recovered, was eluted with
EGTA (peak III, Fig . 1 b) .
SDS PAGE Analysis of Trichocyst Fractions
Washed, extruded trichocysts showed the polypeptide pat-
tern described above on polyacrylamide gels in SDS: a set of
low-molecular-weight bands centered around 17 kdaltons (lane
b, Fig. 3) . Most trichocyst preparations also contained a less
prominent band of about 68 kdaltons (lane b, Fig . 3) . The
peptide pattern of protein solubilized by heat treatment (lane
c, Fig . 3) was similar to, but not identical with, that of whole
trichocysts (lanes b and c, Fig . 3) . Dialysis of the heat-stable
supernate did not appreciably change the peptide pattern (lane
10 20 30 40 50 60
COLUMN FRACTION
FIGURE 1
￿
Affinity chromatography of a Paramecium and trichocyst
extract (heat stable) on a fluphenazine-Sepharose 413 column . (A)
36 mg of whole-cell protein and (8) 2 .6 mg of trichocyst protein
were loaded onto columns beginning with fraction 1 . The columns
were washed with 10 mM Tris-CI, 0 .5 mM CaCl2 , 500 mM NaCl, pH
7 .0, beginning with fraction 30 (arrows) . At about fraction 50, the
columns were washed with 10 mM Tris-CI, 5 mM EGTA, pH 8 .0
(arrows) . The fractions containing protein were pooled as indicated
in the figure.
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Initial material
Heat-treated super-
nate
tein*
mg
1,700
300
% of total$
100
18
tein§
mg
56
9
total$
100
16
Post-dialysis concen- 36 2 2 .6 5
trate
Column fractions:
I 19 1 .1 (84) 0 .1 0 .2 (6)
II 3 .4 0 .2 (15) 1 .2 2 .1 (67)
III 0.3 0.02 (1) 0 .5 0.9(28)d, Fig . 3), although a substantial fraction of the protein was
lost during dialysis (Table I), probably by precipitation. Affin-
ity chromatography resolved the dialyzed, heat-stable extract
into fractions with distinctly differentpolypeptide compositions
(lanes e-g, Fig . 3) . Peak I (lane g) contained relatively little of
the major 17-kdalton species and was enriched for a slightly
slower-migrating peptide ; peak II (lane.f) contained all of the
peptides of the dialyzed fractions and in similar proportions ;
and peak III (lane e) was almost exclusively a polypeptide of
17 kdaltons, one of the two peptides in the prominent doublet
of whole trichocysts .
One diagnostic feature ofcalmodulin is its increased mobility
in the presence of Ca" on SDS polyacrylamide gels. The
putative calmodulin fraction purified from whole cellsof Par-
amecium did show this Ca"-dependent mobility change (lanes
a and b, Fig . 4) as did bovine calmodulin (lanes e and f, Fig .
4) . The peak III protein from trichocysts showed a clear
increase in mobility in the presence of Ca" (lanes c and d,
Fig . 4) . The peptides of whole trichocysts showed little if any
change in mobility with Ca" (lanes g and h, Fig . 4) .
Ca ++-dependent Activation of
Brain Phosphodiesterase
Calmodulins from a variety of sources activate the cyclic
nucleotide phosphodiesterase (PDE) of brain in a Ca"-de-
pendent manner (17) . The peak III protein from whole cells
and that from trichocysts also stimulated brainPDE(Table II) .
Both EGTA and the calmodulin antagonist trifluoperazine
blocked this stimulation . The amount of trichocyst calmodulin
needed for maximal stimulation was the same as the amount
of bovine calmodulin. Trichocyst calmodulin itself showed no
PDE activity .
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Amino Acid Composition of Calmodulins
from Paramecium
The amino acid composition of calmodulin purified from
whole paramecia is indistinguishable from that of trichocyst
calmodulin, and is closely similar to that of calmodulin from
Tetrahymena and bovine testis (Table III) . The Paramecium
proteins, like calmodulins from other sources, are rich in acidic
FIGURE 3 SIDS polyacrylamide gel of trichocyst proteins during
calmodulin purification . (a) Molecular weight standards; (b) whole
trichocysts, 50pg; (c) heat-stable trichocyst proteins, 50yg ; (d) heat-
stable proteins after dialysis and concentration, 40tg ; (e) peak III of
affinity column, 10 It& ( f) peak II, 25 pg ; and (g) peak I, 25 Ftg .
FIGURE 2
￿
Transmission electron micrographs of purified trichocysts stained in 1% phosphotungstic acid for 3 min. (a) Extruded
trichocyst shafts and tips, (b) a portion of the trichocyst shaft at high magnification, (c) a section of the trichocyst shaft that has
unrolled, and (d) peptide pattern exhibited by this trichocyst preparation on SDS polyacrylamide gels . Bars, 0.25 tm .amino acids, lack cysteine, have a high phenylalanine to tyro-
sine ratio, and contain a single residue of trimethyllysine per
17 kdaltons.
What Fraction of Trichocyst Protein
Is Calmodulln?
The recovery of calmodulin during purification (Table I)
provides a minimum estimate of the amount of calmodulin in
trichocysts; -1% of the total proteinof trichocysts is recovered
as calmodulin . The purification steps before affinity chroma-
tography do not change the SDS PAGE pattern very signif-
icantly (Fig . 3), but recovery of trichocyst protein in the
dialyzed heat-stable fraction is only 5% . If this loss of protein
is nonspecific, the actual amount of calmodulin could be 20
times more than we recover from the affinity column, or ~20%.
To resolve this question, we analyzed the amino acid compo-
FIGURE 4 Ca"-dependent mobility shifts of calmodulin on SIDS
polyacrylamide gels . Samples in lanes a, c, e, g, and i contain 5 mM
EGTA . Samples in lanes b, d, f, and h contain 5mM CaCl 2 . (a and b)
Whole-cell calmodulin, 10pg; (c, and d) trichocyst calmodulin, 10
lig ; (e and f) bovine calmodulin,10pg ; (g and h) whole trichocysts,
50 pg ; (i) calmodulin from trichless mutant, 10 jig .
TABLE II
Phosphodiesterase Stimulation by Paramecium Calmodulin
These assays were performed as described in Materials and Methods using 50
f<g of bovine heart PDE . Under these assay conditions, PDE activity was linear
with respect to time and protein . In this experiment, maximal stimulation
corresponded to a specific activity of 35 nmol P,/min x mg . This basic
experiment has been repeated four times . While each experiment gives results
which are internally consistent with the results shown above, the separate
experiments can not readily be compared statistically due to a decrease in the
fold-stimulation of the PDE upon storage at -20°C . In fresh preparations of
PDE, stimulation of up to fivefold by calmodulin was observed .
TABLE III
Amino Acid Composition of Paramecium Calmodulin
Tetra-
Tricho- hy-
Amino acid compositions were determined after a 24-h hydrolysis at 110 °C
in 6N HCI, 0.2% Phenol . Samples were run on a Dionex D500 Automatic
Amino Acid Analyzer .
* Residues/molecule computed on the basis of 17,000 g/mol .
$ This column represents the mean of four different whole cell calmodulin
preparations .
§ From reference 31 .
11 From reference 32 .
sition of whole trichocysts. Trimethyllysine, the amino acid
present at one residue per molecule in most calmodulins,
represented <0 .1 residue per 17 kdaltons of whole trichocyst
protein (Table III) . If all the protein of trichocysts is -17
kdaltons, and ifonly calmodulin contains trimethyllysine, then
calmodulin represents between 1 and 10% of total trichocyst
protein.
Another estimate of the maximum calmodulin content of
trichocysts is based on the relatively high methionine content
of purified calmodulin (8 residues/17 kdaltons) which is 10
times higher than that ofwhole trichocysts. Calmodulin could,
therefore, make up as much as 10% of the total protein of
isolated trichocysts, but not more.
Calmodulin Content of Cells with and
without Trichocysts
Washing paramecia in cold buffer results in extrusion of
virtually all mature trichocysts, but a similar wash with warm
buffer causes very little trichocyst firing . We purified calmod-
ulin from cells washed each way and found that cells washed
in the cold (and therefore lacking trichocysts) yielded 40-50%
as much calmodulin (peak III) as cells washed at room tem-
perature . Immature trichocysts are presumably not fired in this
cold wash procedure and could therefore account for much of
the calmodulin remaining in cold-washed cells .
We examined a mutant (tl) in which trichocyst development
is interrupted at an early stage and in which no trichocysts are
detectable by electron microscopy (4) . From this mutant we
recovered approximately the same amount of calmodulin in
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Whole
cell cal-
modu-
lin* f
cyst
cal-
mod-
ulin*
mena
cal-
mod-
ulin§
Bovine
cal-
mod-
ulinll
Whole
tricho-
cysts*
Aspartic acid 21 .1 21 .9 23 23 20.3
Threonine 9 .3 9 .4 11 12 8 .6
Serine 5 .4 4 .9 4 4 8 .2
Glutamic acid 29 .0 28 .3 25 27 32 .8
Proline 2 .5 2 .3 2 2 1 .7
Glycine 12 .0 11 .5 11 11 4 .6
Alanine 11 .5 11 .4 11 11 18 .0
Valine 6 .8 6 .7 6 7 7 .6
Half-cystine 0 .0 0 .0 0 0 1 .4
Methionine 7 .4 7 .6 8 9 0 .7
Isoleucine 8 .3 8 .5 9 8 6 .7
Leucine 12 .5 12 .4 12 9 15 .1
Tyrosine 1 .4 1 .1 1 2 3 .3
Phenylalanine 8 .1 8 .0 8 8 3 .9
Lysine 6 .9 6 .3 7 7 7 .3
Histidine 2 .7 2 .8 2 1 2 .6
Arginine 5 .7 6 .0 6 6 8 .9
Trimethyllysine 1 .0 1 .1 1 1 <_0 .1
Total Residues 151 .6 150 .2 147 148 151 .7
Source
Fold
stimula-
tion
Whole cell calmodulin
5 pg (+EGTA) 1 .3
2 jig 1 .8
5 yg 2 .0
10 ftg 2 .0
Whole cell calmodulin (5 pg + trifluoperazine)
0 pM TFP 2 .1
1 [LM TFP 1 .6
2 pM TFP 1 .3
5 pM TFP 1 .0
Trichocyst calmodulin
5 ttg (+EGTA) 0 .9
2 Ag 1 .9
g 2 .2
10 pg 2 .1
Bovine calmodulin
5 jig (+EGTA) 1 .5
2 pg 1 .1
5 pg 2 .1
10 lig 2 .3peak III of the affinity column (lane i, Fig . 4) from whole cell
extracts as was recovered from wild-type cells.
DISCUSSION
The protein we have purified from whole cells and extruded
trichocysts ofParamecium by fluphenazine affinity chromatog-
raphy has the properties characteristic of Camodulin from
many other sources. It is a heat-stable, acidic protein of -17
kdaltons which contains 1 mol of trimethyllysine per mole of
protein; its mobility on SDS gels increases in the presence of
Ca"; it activates brain PDE in a Ca"-dependent manner, and
this stimulation is blocked by trifluoperazine for which the
protein has Ca"-dependent affinity . We therefore consider it
appropriate to call this protein Camodulin.
Paramecium calmodulin appears to be a major component
of extruded trichocysts since it represents 1-10% by mass, a
value which is 50- to 500-fold higher than the yields achieved
from thewhole cells of Paramecium and other protozoans . The
observation that cellswashed free of mature trichocysts contain
only 500 Jo asmuch Camodulin as cells retaining their trichocysts
indicates that a large proportion ofthecalmodulin of the whole
cell is part of this organelle .
The other proteins of trichocysts may be related to calmod-
ulin ; they bind loosely to thefluphenazine affinity column, are
of -17 kdaltons in weight, and are acidic as judged by isoelec-
tric focusing (16) and by the high aspartic and glutamic acid
content of the whole trichocyst .
The trichless mutant wasfound to have anormal calmodulm
content. This is not surprising since the defect in this mutant is
in the assembly of the trichocyst organelle . Most, if not all, of
the trichocyst components could be present at normal levels
without being assembled properly .
The firing of trichocysts, which occurs within milliseconds,
involves membrane fusion and exocytosis, as well as a reorga-
nization which leads to a sevenfold increase in length of the
shaft of the trichocyst . The former generally involves Ca",
and the latter, which canbe observed in vitro, is also apparently
Ca"-dependent (9, 15). Satir et al . (33) have noted that the
calmodulin antagonist trifluoperazine blocked trichocyst extru-
sion . In similar experiments, we have been unable to observe
any effects of phenothiazines on trichocyst extrusion at drug
concentrations which are compatible with cell survival . Plattner
and co-workers (12, 15) have shown that agents known to
interfere with Ca" fluxes across membranes affect trichocyst
firing .
Stimuliwhich lead to trichocyst firing may do so by trigger-
ing Ca" influx into the region where mature trichocysts rest
against the plasma membrane. The local increase in Ca"
might be detected by calmodulin, which could then activate
some other protein essential in trichocyst firing, in a manner
analogous with its role in modulating other Ca'-dependent
enzymes .
The large amount of calmodulin in trichocysts suggests an
alternative role for it: it may be a structural rather than a
catalyticcomponent ofthe trichocyst. Theenormous expansion
of the trichocyst triggered by Ca" might then be the result of
a conformational change in calmodulin upon Ca" binding,
which results in polymerization of monomers or "stretching"
of preexisting aggregates. Calmodulin is known to influence
the state of aggregation of tubulin in microtubules in a Ca"-
dependent manner (18) .
We have recently found that the release of mucocysts (or-
ganelles similar to trichocysts) from Tetrahymena yields a
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family of low-molecular-weight polypeptides similar to those
oftrichocysts (manuscript in preparation), suggesting that cal-
modulinlike proteins may play a general role in exocytotic
events in protozoa.
Calmodulin very likely plays other roles in Paramecium. We
have discovered that Paramecium contains a second calmodu-
linlike protein with properties similar to those of the calmod-
ulin described here, and its relationship to trichocyst calmod-
ulin is now being explored . We have reported that calmodulin
antagonists block the Ca"-dependent ciliary reversal mecha-
nism in Paramecium (34), and it is possible that a calmodulin-
like protein is involved in that pathway .
Walter and Schultz (35) have recently described a calmod-
ulinlike protein purified from whole cells of P . tetraurelia by
procedures not involving affinity chromatography. Although
the aminoacid composition of their Camodulinwas not deter-
mined, its other properties are very similar to those we have
described here for whole cell and trichocyst calmodulin. Part
of the calmodulin they purified from whole cells no doubt
originate from trichocysts . Walter and Schultz (35) also found
calmodulin in the cilia, confirming the immunohistochemical
results of Maihle et al . (36), who also showed that extracts of
wholeparamecia contained calmodulin whichshowed thesame
properties we describe here . Blum et al . (37) have recently
found a calmodulin associated with ciliary dynein and have
suggested that it may play a role in the Ca" regulation of
ciliary beating.
We thank Carol McCall for the electron micrographs and SarahGreen
for typing of the manuscript .
This research was supported by grants from the National Science
Foundation (BNS 76-11490), the National Institues of Health (NIH)
(GM22714), the Graduate School of the University of Wisconsin, and
a Dreyfus Foundation Teacher-Scholar Award to D . L . Nelson . D. L .
Nelson is the recipient of a Research Career Development Award
(NIH 00085) and a Steenbock Career Advancement Award . J . J . Rauh
is a predoctoral trainee on the Training Grant in Cellular and Molec-
ular Biology (NIH 5-T32-GM07215) .
Receivedforpublication 19 August 1981 .
REFERENCES
1 . Jurand, A ., and G. G . Selman . 1969. The Anatomy of Paramecium aurelia. St. Martin's
Press, New York.
2 . Beisson, J., M . Lefort-Tran, M . Pouphile, M . Rossignol, and B. Satir . 1976 . Genetic
analysis ofmembrane differentiation in Paramecium. Freeze-fracture study of the tricho-
cyst cycle in wild-typeand mutant strains. J. Cell Biol . 69:126-143.
3. Steers, E., J. Beisson, and V . T. Marchesi. 1969 . A structural protein extracted from the
trichocyst of Paramecium aurelia. Exp. Cell Res. 57:392-396 .
4 . Pollack, S. 1974. Mutations affecting the trichocysts in Paramecium aurelia. 1 . Morphology
and description ofthe mutants . J Protozool 21 :352-362 .
5 . Allen, R . D ., and K. Hausmann. 1976 . Membrane behavior of exocytotic vesicles. 1 . The
ultrastructure of Paramecium trichocysts in freeze-fracture preparations. J . Ultrastruct .
Res. 54:224-234.
5 . Aufderheide, K . J . 1978 . Genetic aspects of intracellular motility : cortical localization and
insertion of trichocysts in Paramecium tetraurelia . J Cell Sci. 31:259-273 .
7 . Aufderheide, K. J. 1977. Saltatory motility ofuninserted trichocysts and mitochondria in
Paramecium tetraurelia . Science(Wash . D. C.). 198:299-300.
8 . Lefort-Tran, M .. K. Aufderheide, M . Pouphile, M. Rossignol, and J . Beisson . 1981 .
Control ofexocytotic processes : cytological and physiological studies of trichocyst mutants
in Paramecium tetraurelia . J. Cell Biol. 88:301-311 .
9 . Bilinski,M., H. Plattner, and H . Matt . 1981 . Secretory protein decondensation asa distinct,
Cap'-mediated event during the final steps of exocytosis in Paramecium cells. J. Cell Biol.
88:179-188 .
10. Beisson, J ., J . Cohen, M . Lefort-Tran, M . Pouphile, and M . Rossignol. 1980 . Control of
membrane fusion inexocytosis. Physiological studies on aParamecium mutant blocked in
the final step of the trichocyst extrusion process. J. Cell Biol . 85:213-227.
11 . Nyberg,D. 1978 . Genetic analysisof trichocyst discharge of the wild stocksofParamecium
tetraurelia. J . Protozoal . 25:107-112.
12. Matt, H ., H . Plattner, K . Reichel, M . Lefort-Tran, and J . Beisson . 1980 . Genetic dissection
ofthe final exocytosis steps in Paramecium tetraurelia cells: trigger analyses . J. Cell Sci.
46:41-60.
13. Plattner, H ., K . Reichel, H . Matt, J . Beisson, M . Lefort-Tran, and M . Pouphile . 1980 .
Genetic dissection ofthe final exocytosis steps in Paramecium ieiraurelia cells : cytochem-
icaldeterminationofCap'-ATPase activity over preformed exocytosis sites . J. Cell Sci . 46 :
17-40.14. Hausmann, K ., and R . D. Allen. 1976 . Membran e behavior of exocytotic vesicles . II . Fate
of the trichocyst membranes in Paramecium after induced trichocyst discharge . J. Cell
Biol. 69:313-326 .
15 . Matt, H., M . Bilinski, and H . Plattner . 1978. Adenosine-triphosphate, calcium and
temperature requirements for the final steps ofexocytosis in Paramecium cells . J. CellSci.
32:67-86.
16 . Adoutte, A ., R . Ramanathan, R. M. Lewis, R. R . Dute, K.-Y. Ling, C . Kung, and D . L.
Nelson. 1980. Biochemical studies ofthe excitable membrane of Paramecium tetraurelia.
III . Proteins of cilia and ciliary membranes. J. Cell Biol . 84:717-738 .
17 . Klee, C . B ., T. H . Crouch, and P. G. Richman . 1980 . Calmodulin. Annu. Rev . Biochem. 49:
489-515 .
18 . Means, A . R ., and J . R. Dedman. 1980 . Calmodulin-an intracellular calcium receptor.
Nature (Lond.) . 285 :73-77.
l9 . Van Wagtendonk, W. J . 1974 . Nutrition of Paramecium . In Paramecium-A Current
Survey .W . J. Van Wagtendonk, editor . Elsevier Scientific Publishing Co., New York.
339-376 .
20. Thiele, J ., O . Honer-Schmid, J . Wahl, G . Kleefeld, and J . Schultz. 1980 . A new method
for axenic mass cultivation ofParamecium tetraurelia . J. Protozool . 27:118-121 .
21 . Hansma, H . G. 1974 . Biochemical studies on the behavioral mutants of Paramecium
aurela : ion fluxes and ciliarymembrane proteins . PhD dissertion. University ofCalifornia
at Santa Barbara, Santa Barbara, California.
22. Sonneborn, T . M . 1970. Methods in Paramecium research . In Methods in Cell Physiology.
D . M . Prescott, editor . Academic Press, Inc ., New York. 4:241-339 .
23. Dryl, S . 1959. Effect ofadaptation toenvironment onchemotaxis ofParamecium caudatum.
Acta. Biol. Exp. (Warsaw). 19 :83-93 .
24. Sundberg, L ., and J . Porath . 1974. Preparation of adsorbents for biospecific affinity
chromatography. I . Attachment of group-containing ligands to insoluble polymers by
means ofbifunctionaloxiranes. J Chromatogr. 90:87-98 .
25. Charbonneau, H ., and M . J . Cormier. 1979. Purification ofplant calmodulin by fluphen-
azine-Sepharose affinitychromatography . Biochem. Biophys . Res. Commun. 90:1039-1047.
26. Lowry, O . H ., N . J. Rosebrough, A . L . Farr,andR. J .Randall. 1951 . Protein measurement
with the Folin phenol reagent. J . Biol. Chem . 193:265-275.
27 . Teo, T . S ., T . H . Wang, and J . H . Wang . 1973 . Purificatio n and properties of the protein
activator ofbovine heart cyclic adenosine 3',5'-monophosphate phosphodiesterase. J. Biol.
Chem . 248:588-595.
28. Chen, P . S ., T . Y . Toribara- and H . Warner. 1956 . Microdetermination of phosphorous.
Anal. Chem . 28:1756-1758 .
29. Levin, R . M., and B. Weiss. 1977 . Binding of trifluoperazine to the calcium-dependent
activator of cyclic nucleotide phosphodiesterase. Mal. Pharmacol. 13:690-697 .
30 . Pollack, S ., and E. Steers. 1973 . Thermal solubilization ofthe trichocysts fromParamecium
aurelia. Exp. Cell Res. 78:186-190 .
31 . Yozawa, M ., K .Yagi, H. Toda, K . Kondo,K. Narita, R . Yamazaki, K. Sobue, S. Kakiuchi,
S. Nagao, and Y. Nozawa . 1981 . The amino acidsequence ofthe Tetrahymena calmodulin
which specifically interacts with guanylale cyclase . Biochem . Biophys . Res. Commun . 99:
1051-1057.
32 . Watterson, D . M ., F . Sharief, and T. C . Vanaman. 1980 . The complete amino acid
sequence ofthe Ca"-dependent modulator protein (calmodulin) ofbovine brain . J. Biol.
Chem. 255 :962-975 .
33 . Satir, B . H ., R . S. Garofalo, D . M . Gilligan, and N. J . Maihle. 1980. Possible functions of
calmodulin in protozoa. Ann. N . Y. Acad. Sci. 356 :83-91 .
34. Rauh, J . J ., A . E. Levin, and D . L . Nelson . 1980 . Evidence that calmodulin mediates
calcium-dependent ciliary reversal in Paramecium . In Calcium-Binding Proteins: Structure
and Function . F . L . Siegel, E. Carafoli, R . H. Kretsinger, D . H. MacLennan, and R . H .
Wasserman, editors. Elsevier/North-Holland, New York .
35 . Walter, M . F ., and J. E. Schultz. 1981 . Calcium receptor protein calmodulin isolated from
cilia and cells ofParamecium tetraurelia. Eur. J. Cell Biol . 24:97-100.
36. Maihle, N . J., J . R. Dedman, A. R . Means, J . G . Chafouleas, and B. H. Stair . 1981 .
Presence and indirect immunofluorescent localization of calmoduhn in Paramecium
tetraurelia. J. Cell Biol . 89:695-699.
37. Blum, J . J ., A. Hayes, G . A . Jamieson, and T . C . Vanaman . 1980 . Calmodulin confers
calcium sensitivity on ciliary dynein ATPase . J Cell Biol. 87:386-397 .
RAPID COMMUNICATIONS
￿
865